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FOREWORD 


This  work  was  conducted  by  Bell  Aircraft  Coiporation  xmder  USAF  Contract 
No.  AF  33(6i6)-603U.  Mr,  Frank  M,  Anthony  acted  as  project  engineer.  This 
contract  was  initiated  under  Materials  Laboratory  Project  No,  7350  "Ceramic 
and  Cermet  Materials",  Task  No.  73500  "Ceramic  and  Cermet  Materials  Develop¬ 
ment",  and  Aircraft  Laboratory  Project  No.  1368  "Construction  Techniques  and 
Application  of  New  Materials",  Task  No.  13719  "Re-entiy  Structures",  This 
work  was  administered  under  the  combined  direction  of  the  Materials  Laboratory 
and  the  Aircraft  Laboratory,  Directorate  of  Laboratories,  Wright  Air  Develop¬ 
ment  Center,  with  Mr.  J,  J.  Krochmal  and  Lt.  J.  Latva  acting  as  Project 
Engineers  for  the  Materials  Laboratory,  and  Mr.  C.  J.  Cosenza  acting  as 
Project  Engineer  for  the  Aircraft  Laboratory. 

This  report  covers  work  conducted  from  July  1958  to  July  I960. 

This  particular  report.  Volume  IV,  is  one  of  a  series  which,  idien  com¬ 
bined,  constitute  the  final  technical  report  on  this  contract.  In  total, 
this  technical  report  contains 

Volume  I  Summary 

Volume  II  Analytical  Methods  and  Design  Studies 

Volume  in  Screening  Test  Resixlts  and  Selection  of  Materials 

Volume  IV  Thermal  Properties  of  Molybdenum  Alloy  and  Graphite 

Volume  V  Mechanical  Properties  of  Bare  and  Coated  Molybdenum  Alloy 

Volume  VI  Determination  and  Design  Application  of  Mechanical 

Properties  of  Bare  and  Coated  Graphite 

Volume  VII  Oxidation  Resistance  of  Bare  and  Coated  Molybdenum  Alloy 
and  Graphite 

Volume  VIII  Tests  of  Molybdenum  and  Graphite  Leading  Edge  Conpcaienta 

Volume  n  Applicability  to  Future  Weapon  Systems 
Volumes  I  through  Vm  are  unclassified,  >Aiile  Volume  IZ  is  classified  Secret. 
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ABSTRACT 


The  pvirpose  of  this  contract  was  to  Investigate  the  feasibility  of 
utilizing  available  heat  resistant  materials  in  the  fabzlcation  of  leading 
edges  for  hypersonic  boost-glide  vehicles.  This  particular  volume  presents 
the  results  of  measurements  of  the  thennal  condvictlvityf  specific  heat, 
linear  thermal  expansion,  and  omittance  of  a  0»%  titanium  alloy  of  molyb¬ 
denum,  and  of  siliconized  ATJ  graphite  as  a  function  of  teD;>erature.  Emlt- 
tance  measvirements  were  made  on  coated  and  uncoated  materials. 
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I.  INTRODUCTION 


The  scope  of  this  study  enconqpassed  the  many  ocmslderatlons  required 
for  the  investigation  of  the  feufilblllty  of  using  available  heat  resistant 
Materials  for  the  leading  of  hyporscailc  vehicles.  The  boost-glide 

vehicle  ccmcept  fonnad  the  ';asls  for  this  work  with  the  fli^t  parameter  W/SCx, 
ranging  from  100  to  UOO.  Manned  and  unmanned,  reusable  and  ejqpendable  flight 
vehicles  ware  considered  with  eaphasls  being  placed  on  manned,  unmanned,  reus¬ 
able  systems.  For  purposes  of  this  study  maximum  teiqperatures  were  to  range 
from  to  3000°F.  iblatlon  and  cooling  techniques  were  excluded. 

The  objective  of  the  study  was  to  detennine  the  feasibility  of  employing 
available  materials  for  the  desired  ai^llcatlon.  This  goal  was  achieved  by 
describing  available  materials  to  ihe  degree  required  for  design  purposes, 
by  establishing  suitable  design  methods,  by  con^derlng  the  peculiarities  of 
materials  in  design,  by  Indicating  appraximate  operating  tm^ratures  and 
flight  trajectories  possible  idien  various  existing  materials  were  used  for 
leading  edges,  and  finally,  by  actual  testing  of  two  typical  leading  edge 
designs.  Many  secondary  benefits  resulted  from  this  study,  including  a  better 
mutual  undeivi tending  of  the  problems  C(mfronting  material  suppliers  and  air¬ 
frame  designers,  a  deftnltlrai  of  the  shortcomings  of  existing  materials  for 
this  application  idilch  should  form  a  foundation  for  future  material  develop- 
amt,  an  advancement  In  design  technology  for  brittle  materials  used  for 
structural  implications,  and  a  definltlcwi  of  critical  pazameters  ^Ich  would 
require  laboratory  simulation  prior  to  actual  usage  of  leading  edge  elements. 

This  study  was  conducted  In  four  essentially  concurrent  phases;  l^ey 
Involved  design,  matezlals  evaluation,  fabrication  and  conpcxient  testing. 

The  design  phase  Investigated  trajectories  for  hypersonic  vehicles  to  estab¬ 
lish  a  range  of  typical  flight  and  envlroinmsntal  conditions.  Design  criteria 
required  to  Insure  structural  integrity  of  heat  resistant  leading  edges  were 
Investigated  and  tentatively  established.  Methods  for  the  detezmlnation  of 
tenperatures,  teaperature  gradients  and  thermal  stresses  were  established  and 
adapted  to  automatic  conputing  eqqlpment.  The  effects  of  leading  edge  geonetxy, 
both  external  and  Internal,  on  toiperatures,  temperature  gradients  and  thezmal 
stresses  were  studied  as  well  as  attachment  details  for  metallic  and  non- 
metalllc  leading  edges  and  the  effects  of  various  restraints  upon  thermal 
stresses.  The  design  phase  culminated  with  the  design  of  two  leading  edges, 
one  using  metallic  and  the  other  using  non-ms talllc  material;  boUi  types 
were  tested. 


Notet  Manuscript  copy  released  by  the  authors  J\ily  I960  for  publication  as 
a  WADC  Technical  Report 


WADC  TR  $9-7Uh,  Volume  IV 


1 


The  materials  evaluation  phase  began  with  a  literature  review  to  obtain 
known  physical  and  mechanical  characteristics  of  refractory  metals  and  non- 
metals  supplemented  by  contacts  with  material  suppliers.  A  prellmlnazy 
SKperinental  evaluation  of  a  number  of  promising  metals,  non-metals  and  coat¬ 
ings  was  conducted  in  order  to  supply  data  not  found  In  the  literature  and  to 
provide  consistent  sets  of  material  property  data  for  use  in  making  meaning¬ 
ful  conparlsons.  Based  v^on  the  results  of  the  preliminary  evaluations  and 
upon  fabrication  considerations  the  single  most  promising  metal,  0,’j%  titanium 
alloy  of  molybdenum,  the  single  most  promising  non-metal,  siliconized  ATJ 
graphite,  and  the  two  most  pztwnlsing  coatings  were  evaluated  in  detail  to  pro¬ 
vide  the  material  property  data  required  for  design  puiposes.  The  detailed 
evaluation  of  the  selected  non-metalllc  material  included  an  Investigation 
to  establish  relationships  required  for  the  design  of  components  using  brittle 
materials. 

The  fabrication  phase  Included  the  preparation  of  most  of  the  test  speci¬ 
mens  as  well  as  the  production  of  the  final  leading  edge  designs.  Test  speci¬ 
mens  were  produced  by  techniques  and  process  procedures  similar  to  l^ose 
eaqpected  to  be  required  In  the  manufacture  of  final  leading  edge  con^onents. 
Restriction  of  the  manufacturing  process  in  such  a  manner  may  preclude  attain¬ 
ment  of  the  maaclmum  material  properties  %dilch  could  be  achieved  by  eiq>loylng 
the  optimum  fabrication  techniques  for  small  test  bars.  It  did,  however, 
provide  a  means  of  correlating  test  results  and  analytical  predictions,  since 
the  material  properties  of  the  coo^aients  should  be  eg>proxlmately  the  saiae 
as  those  detexmined  from  the  test  specimens.  For  example,  oexamlc  materials 
generally  exhibit  higher  thexmal  coaduetlvlty  and  higher  strengUi  when  fab¬ 
ricating  by  hot  pressing  than  when  fabricated  from  slip  casting.  WiUe  slnple 
test  bears  can  be  made  by  hot  pi«ssing  it  may  be  necessary  to  fabricate  moare 
conplex  shapes  by  slip  easting  and  test  results  on  hot  pressed  bars  are  of 
little  or  no  value  In  defining  the  chaaracterlstics  of  the  slip  case  conponent. 

The  conponent  testing  phase  Included  sevea:al  Items  of  study.  Typical 
attachments  for  brittle  components  were  tested  to  aid  In  the  selection  of 
suitable  designs.  Finally  a  metallic  leading  edge  design  and  a  non-metalllc 
design  were  tested  under  partially  simulated  ccaaditlons. 

In  oarder  to  achieve  maadmum  efficiency,  of  both  time  and  cost,  and  to 
integrate  more  closely  Uie  materials  and  design  problems,  extensive  subcon¬ 
tracting  was  employed  during  this  study.  All  specimen  and  conponent  fabri¬ 
cation  was  done  by  subconta:a.ctors  having  extensive  experience  with  the 
materials  and  fabrication  parocedures  required.  Existing  testing  capabilities 
of  organizations  tharoughout  the  country  were  utilized  to  the  fullest  possible 
eactent. 

This  particular  volvune  presents  the  results  of  measurements  ^dilch  were 
made  to  determine  thermal  conductivity,  specific  heat,  linear  thermal  eaqpan- 
slon,  and  emittance  of  a  0,$%  titanium  alloy  of  molybdenum  and  a  siliconized 
ATJ  graphite  as  a  function  of  temperature.  Emittance  measurements  were  made 
on  coated  and  uncoated  materials. 
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n.  THERMAL  CONDUCTIVITI 


Description  of  Equipment 


The  thermal  ccmductlvlty  of  the  selected  materials  was  detemined  by 
using  the  radial  heat  flow  metiiod  developed  by  R.  W.  Powell.  This  method  con¬ 
sists  of  measuring,  during  steady  state,  the  radial  flow  and  radial  tejqperature 
drop  in  a  vertical  stack  of  disks  coiqposed  of  the  material  whose  thezmal  con¬ 
ductivity  is  to  be  measured.  The  equipment  was  calibrated  by  determining  the 
thezmal  conductivity  of  Armco  iron.  The  results  agreed  closely  with  accepted 
values. 

The  radial  heat  flow  method  developed  by  R.  W.  Powell^  was  used  to  measure 
the  thermal  conductivity  of  the  teat  specimens.  With  this  method,  the  radial 
heat  flow  and  radial  tenperature  drop  was  measured  in  a  veirtical  stack  of 
disks  cosposed  of  the  material  idxose  thermal  conductivity  was  to  be  detezmlned. 
More  specifically,  the  disks  were  in  the  form  of  aiuiular  rings  and  radial  heat 
flow  through  the  disks  was  sipplled  by  an  electric  heater  centered  in  the  ajcial 
hole  of  the  stacked  disks.  In  order  to  obtain  high  tenperatures  as  well  as  to 
e<»itrol  the  temperature  gradient  in  the  test  specimens,  the  column  of  stacked 
diskw  was  placed  in  an  electrically  heated  furnace  in  which  a  helium  atmosphere 
was  maintained.  The  radial  heat  flow  through  a  section  of  the  stacked  disks 
three  inches  long,  1.^  inches  above  and  below  the  veirtlcal  center  of  the 
column,  was  derived  fzm  measurement  of  the  current  and  voltage-drop  along  a 
three-inch  length  of  the  axial  heater  adjacent  to  the  test  section*  The  tem¬ 
perature  gradient  was  measured  by  means  of  thermocouples  inserted  in  small 
vertical  holes,  one  near  the  axial  hole  containing  the  heater  and  the  other 
near  the  outer  edge  of  the  disks.  The  thermal  conductivity  of  the  disk  mate¬ 
rial  was  calculated  under  steady  state  conditions  from  the  power  liput,  the 
radial  distance  of  the  inner  and  outer  thermocouples  from  the  axis  of  the 
disks,  and  the  tenperatuxe  difference  between  these  holes.  A  section  through 
the  ipparatus  which  was  used  is  shown  in  Figure  1. 


Test  Procedure 


Each  set  of  test  ^ecimens  contained  1$  disks;  three  of  which  were  one 
inch  thick  and  12  were  l/2  inch  thick.  The  three  one-inch  thick  disks  were 
located  in  the  center  of  the  stack,  called  the  test  section,  and  six  1/2  inch 
thick  disks  were  located  at  each  end,  and  called  the  guard  sections. 


1.  Powell,  R.  W.  "Proceedings  of  the  Physical  Society".  London, 
Vol.  Ii6,  pp  659-67U,  193U. 
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View  of  tCBt  sample  showing 


location  of  holes  for  thermocouples 


Figure  1.  GENERAL  LAYOUT  OF  THERMAL  CONDUCTIVITY 
STACKED  DISK  APPARATUS 
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As  shown  in  Figure  1,  four  holes  were  located  in  each  disk  to  permit 
Insertion  of  thermooovqples.  Platinum,  platinum  >  IQ^  -  rhodium  -UiermocoiQ>les 
protected  by  pure  alumina  tubing  were  used  for  measuring  taaperatures*  The 
thermocouples  were  connected  so  that  the  temperature  difference  as  well  as 
the  tenperature  level  could  be  measured.  With  respect  to  the  thezmocoti^les, 
the  accuracy  of  the  final  results  depends  primarily  on  the  calibration  accmracy 
of  each  couple  relative  to  the  others,  and  only  reasonable  accuracy  is  required 
as  to  absolute  tenperature  measurement.  The  couples  were  calibrated  relative 
to  each  other  and  checked  within  O.l^^P.  The  thermocouples  were  moved  tp  and 
down  so  that  a  tenperatura  traverse  alcaig  the  length  of  the  sanples  would  be 
made.  It  was  necessary  to  measure  the  axial  tenperature  distribution  in  order 
to  determine  If  any  heat  was  flowing  In  the  axial  direction.  Axial  heat  flow 
would  introduce  eoi  error  since  It  was  assumed  in  the  calculations  that  the 
heat  flow  in  the  three  center  disks  was  In  the  radial  direction  only.  One 
reason  for  using  disks  ratiier  than  a  single  cylinder  was  that  the  poor  thermal 
ccoitact  between  disks  offers  considerable  resistance  to  axial  heat  flow.  In 
order  to  furtiier  insure  that  axial  heat  flow  would  not  occur,  molybdenum  wound 
heaters  were  placed  at  both  ends  of  the  test  specimens. 

In  performing  the  experimental  measurements,  the  axial  tenperature 
gradient  between  the  vertical  center  and  the  ends  of  the  stack  was  less  than 
l^F.  The  radial  tenperature  difference  between  the  Inner  and  outer  thermo¬ 
couples  was  maintained  at  2S°F  over  the  entire  msan  teiperature  range  at  which 
the  measurements  were  made.  This  radial  tenperature  difference  was  Identical 
<»  both  sides  of  the  axis. 

The  radial  heat  flow  through  the  test  epeclmens  was  accomplished  by  a 
molybdenum  coll  wound  on  a  ceramic  core  and  centered  in  the  axial  hole  of  the 
atacked  disks.  As  shown  In  Figiire  1,  the  stacked  disks  were  placed  in  a 
ceramic  tubt^  which  had  a  molybdenum  coil  wound  around  the  outer  surface.  The 
outer  heater  provided  the  energy  needed  to  raise  the  temperature  of  the  sample 
while  the  inner  heater  provided  a  means  of  varying  the  temperatiire  drcp  through 
the  sample.  The  three  one-inch  thick  samples  located  in  the  center  of  the 
stack  were  considered  as  the  test  section,  and  the  current  and  voltage-drop  in 
the  inner  heater  was  measured  over  this  three-inch  length.  The  outer  heater 
was  surrounded  by  bubble  alumina  insulation  and  a  water-cooled  steel  housing. 
The  apparatus  was  purged  with  helium  to  provide  an  inert  atmosphere. 

The  thermal  conductivity  was  calcidated  by  the  following  equation: 

k  .  Qto  rg/,! 

2wL  (At) 


where 

k  -  thermal  conductivity,  BTU  hr*^  ft"^  ®F”^ 
Q  -  radial  heat  flow,  BTU  hr~^ 


WADC  TR  Volume  IV 


5 


L  -  length  of  test  section,  ft 

radial  distance  from  axis  to  Inner  thermocouple,  ft 

r2  "  radial  distance  from  axis  to  outer  thermocov^le,  ft 

At  -  tenperature  drc^  over  the  radial  distance  between 
thexmocorqples,  oF 

Esqperlmental  Accuracy 


Preliminary  tests  were  made  using  Armco  Iron  test  specimens  In  order  to 
confirm  the  accuracy  of  the  apparatus.  The  results  of  these  experiments  are 
given  in  TAble  I.  These  results  cospaie  quite  well  with  the  results  obtained 
by  Powell^  who  felt  that  the  error  in  his  measurements  was  less  than  7$, 

Errors  in  measurement  may  result  from  misalignment  of  the  Ixmer  and  outer 
heaters,  variation  in  the  resistance  of  the  inner  heater  wire,  location  of  the 
thezmocouples,  etc.  Because  of  the  close  agreement  with  Powell's  data  on 
Armco  iron  and  the  small  spread  In  eoqperliaental  data.  It  is  felt  that  the 
accuracy  of  the  ARF  results  Is  within  5^. 


Test  Results 


The  experimental  test  results  are  shown  in  Tables  H,  ni  and  IV,  and 
in  Figures  2,  3  and  U. 


2.  Powell,  R,  W.  "Proceedings  of  the  Physical  Society".  London, 
Vol.  50,  p  U07,  1938 
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TABLE  I 


(XaiPARISON  OF  THERMAL  OONDUCTIVITT 
DATA  FOR  ARMCO  IRON 


Thermal  conductivity. 


Mean  ten^erature. 

BTU/hr  rt  Op 

op 

Powell 

212 

39.5 

39.5 

392 

35.6 

35.6 

572 

32.0 

31.8 

752 

26.1 

28.1 

932 

25.0 

25.0 

995 

2U.0 

23.8 

1112 

22.5 

21.8 

1292 

19.8 

18.9 

lli72 

17.2 

17.0 

lii96 

16.9 

17.0 

1615 

16.1 

17.0 

1652 

16.0 

17.0 

1832 

16.2 

17.0 
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TABLE  n 


THERMAL  COMDUCTIVITr  OF 
TnANIUM  ALLOY  OF  MOLTBPEMUM 


Mean  tenperatore^ 
_ 2 _ 

609.3 

713.6 

769.0 

83U.6 

1077.2 
1330.9 

1399.2 
lUOO.3 
166U.7 

2053.6 

2299.7 
2333.0 
2650.0 
2982.0 
3027.0 


Thermal  conductivity, 
BTU/hr  ft 

68.5 

66.1 

65.9 
6I1.O 

59.2 
53.0 

50.3 

50.2 
U6.5 

37.3 

30.9 

27.6 

23.U 

17.3 
15.2 


KADC  TR  59-7l<U,  Volume  17 


8 


TABLE  ni 


THERMAL  CONI«CTIVm 
OF  smCONIZED  ATJ  GRAPHITES 


Mean  teirperature. 

Op 

Thermal  conductivity ^ 
BTUAr  ft  ®P 

639 

ia.7 

6U6 

UO.3 

1025 

3U.6 

lUoU 

30.7 

1820 

25.0 

2009 

22,9 

231U 

a.o 

2620 

18.8 

28U0 

17.6 

3000 

17.0 

#  Perpendicular  to  grain  orientation 
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TABLE  17 


THEBMAL  COtOTCTIVITI 
OF  3ILI00NIZED  ATJ  GRAPHITE* 


Mean  teiif>erature. 

Op 

Thermal  conduotlvltp, 
BTU/hr  ft  ®F 

710 

53.0 

1036 

U3.2 

1325 

36.6 

15U5 

32.8 

1875 

26.5 

2021 

2U.6 

2186 

20.9 

2375 

19.9 

2520 

19.U 

2566 

19.2 

2697 

17.9 

2856 

17.0 

3013 

16.9 

«  Parallel  to  grain  orientation 
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THERMAL  CONDUCTIVITY  OF  0.  5%  TITANIUM  ALLOY  OF  MOLYBDENUM 
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m.  SPECmC  HEAT 


Deacrlptlot  of  Equipment 


The  iq^aratue  used  Is  shown  in  Figure  5*  The  furnace  is  a  vertical  tube 
tjfpe  purchased  from  the  Harper  Electric  Coeipanjr.  The  interior  of  the  furnace 
contains  an  alundum  tube,  1-1/2  Inches  Inside  diameter,  hh  inches  in  length. 

The  tube  length  and  diameter  wez*e  specified  to  assure  a  uniform  teiqperature 
region  surrounding  the  sasple. 

The  furnace  was  heated  eleetrlcall/  by  a  globar  tube,  eocterlor  to  and 
conoentrio  with  the  alundum  tube.  Power  li^ut  to  the  globar  elemoit  was  con¬ 
trolled  by  a  3-atep  6-po8itlon  transformer.  An  inert  atmosphere  for  the 
fUmace  interior  was  assured  by  constant  purging  with  helium.  Sealing  at  the 
top  of  the  tube  was  attained  by  a  pipe  flangej  bottom  sealing  was  provided  by 
a  s^obe  valve. 

ITie  tenperature  of  the  furnace  at  the  point  where  the  sample  was  suspended 
was  measured  by  two  platinum,  platinum  -  10^  -  rhodium  thermocouples  contained 
in  protection  tiibes  and  suspended  from  the  furnace  top.  An  axial  temperature 
survey  at  the  in-fumace  sanple  position  Indicated  a  teiqperature  gradient  of 
leas  than  1^/inch,  at  a  mean  furnace  teoperature  of  2^0^F. 

The  furnace  tube  is  connected  to  ^  calorimeter  by  means  of  a  1-1/2  inch 
stainless  steel  pipe.  Xonadiately  above  the  calorimeter,  the  1-1/2  inch  pipe 
was  reduced  by  a  cemvergent  section  to  a  one  inch  pipe.  The  one  inch  pipe  was 
inserted  into  the  receiver  for  a  length  of  one  inch.  The  receiver  is  based 
on  a  design  described  by  Qinnlngs  and  Corrucclni3,  The  eccentric  opening  in 
the  receiver  gate  was  shaped  to  allow  passage  of  the  wire  on  idiich  the  sample 
was  suspended,  and  yst  reduce  heat  loss  from  the  sanple  by  natural  convection. 
Normal  position  of  the  receiver  in  the  calorimeter  was  such  that  the  gage  was 
submerged  in  the  water.  A  pipe  tap  in  the  receiver  allowed  helltai  purging  of 
both  receiver  and  pipe  connecting  the  receiver  to  the  fuxnace. 

Heat  content  of  the  sanple  was  measured  by  a  Parr  adiabatic  calorimeter. 
The  calorimeter  cover  was  modified  to  provide  entrance  to  the  receiver,  inert 
gas  tubes  and  gate  shaft. 

The  tenperatures  in  the  calorimeter  and  in  the  calorimeter  jacket  were 
measured  with  calibrated  thermometers  supplied  by  the  Parr  Instrument  Conpany. 
Water  to  the  calorimeter  jacket  was  heated  by  means  of  a  500  watt  heater. 


3.  Qinnlngs,  D.  C.  and  R.  J.  Corruccini,  J.  of  Research  NBS  38, 
Research  Paper  1797,  19U7. 


WADC  TR  59-7liU,  Volume  IV 


lii 


Figure  5*  SCHEMATIC  DIAGRAM  OF  APPARATUS 
FOR  MEASURING  SPECIFIC  HEAT 
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Test  Procedure 


The  procedure  for  operations  of  the  system  is  ou  lined  belov.  The  out¬ 
line  is  presented  in  chronological  order: 

1.  The  sample  weight  was  measured  using  an  analytical  balance  precise 
to  0,1  milligram.  The  sample  weight  was  determined  prior  to  each  test. 

2.  The  sample  was  then  suspended  In  the  furnace  by  means  of  a  wire. 

The  length  of  the  wire  was  carefully  measured  before  attaching  the  san^le  to 
assure  that  the  sanple  was  correctly  positioned  in  the  fumace,  respective 
to  the  monitor  thermocouples. 

3*  The  san^le  was  maintained  in  the  furnace  for  2$  minutes.  This  time 
period  was  ccmsidered  sufficient  for  the  sample  to  attain  thermal  equilibrium. 
The  period  of  time  requited  for  the  sanple  to  attain  0.95  of  the  difference 
between  room  temperature  and  furnace  tenqperature  was  calculated.  For  a  saaqple 
emlseivity  of  0.7  and  assuming  infinite  sample  thermal  diffuslvlty,  the  period 
of  time  for  0.95  tenperature  rise  was  three  minutes. 

U.  The  weight  of  water  contained  In  the  bucket  was  measured  using  a  pan 
balance  precise  to  0.1  gram.  The  bucket  was  then  placed  in  the  calorimeter 
jacket,  the  calorimeter  cover  set  In  position,  and  the  calorimeter  elevated 
to  the  connecting  tube.  The  calorimeter  was  then  brought  to  thermal  equili¬ 
brium  by  equalizing  the  tenperature  level  in  the  jacket  and  bucket.  The 
receiver  and  connecting  tube  were  then  purged  with  helium. 

5.  The  system  was  then  in  readiness  for  the  sanple  drop.  During  the 
preparatory  stages  of  this  operation,  the  furnace  thermocouple  signals  were 
recorded  on  a  Leeds  and  Noz*thrup  Speedomax,  which  provided  visual  observation 
of  in-fUmace  tenperatura  behavior.  Injection  of  the  sanple  into  the  furnace 
caused  the  furnace  tenperature  to  decrease;  this  behavior  and  the  subsequent 
rise  in  tenperature  to  a  non-varying  level  was  also  noted.  At  this  point  in 
the  operation  the  furnace  thermocouple  signals  were  circuited  to  a  Leeds  and 
Northnp  portable  precision  potentiometer;  emf  output  to  each  thermocouple  was 
determined  to  epproxiroately  l^F. 

6,  The  helium  purging  of  receiver  and  connecting  tube  was  stopped 
immediately  before  the  sanple  drop.  The  gate  valve  at  the  furnace  bottom  was 
opened,  the  sample  dropped,  and  the  receiver  gate  closed.  The  operation  from 
this  point  consisted  sinply  in  regulating  the  hot  water  input  to  the  calozimeter 
jacket  to  maintain  equal  tenperature  level  with  the  rising  tenperature  level 

of  the  water  in  the  bucket.  The  calorimeter  attained  thermal  equilibrium  after 
a  period  of  l5  to  20  minutes,  then  the  final  tenperatures  were  recorded. 

The  procedure  listed  above  was  used  for  all  samples  through  the  conplete 
tenperature  range  of  operation. 
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Specific  heat  at  constant  pressure  Is  defined  by  the  equations 


I  d(AH)  (2) 

» ‘  l"Tr  p 

where 

Ah  •  enthalpy  change  relative  to  a  specified  datum 
T  ■  temperature 

P  subscript  Indicates  the  partial  derivative  at  constant  pressure. 

The  experimental  method  described  here  yields  measurements  of  enthalpy 
change  and  corresponding  teiiqperature  level.  The  relation  between  specific 
heat  and  the  measured  quantities  Is  given  by  integration  of  Equation  (2) 
with  respect  to  teiqperature. 

AH.  /cpdT  -  /|^ 

The  enthalpy  change  may  be  expressed  in  terms  of  a  teiqperature  function: 

AH  s  <#>(T) 

Sinqple  differentiation  of  (j)  (T)  'Uien  gives  Op.  The  expression  (T)  used 
here  was  a  quadratic  of  the  form: 


Ah  -  a  +  bT  +  cT2 


So: 

Cp  -  b  +  2cT 

The  enthalpy  equation  ^  (T)  was  obtained  from  the  experimental  data  by  a 
least  squares  method.  The  specific  heat  function  was  determined  as  indicated 
above. 
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Experinvontal  Accuracy 


Tho  selection  of  the  function  ^  (T)  is  not  based  on  theoretical  consid¬ 
erations.  From  previous  experience  with  treatment  of  enthalpy  data,  it  has 
been  noted  that  higher  order  eqtiations  reduce  the  deviation  in  a  least  squares 
analysis,  but  at  the  same  time,  the  derived  specific  heat  equations  may  show 
anonutlous  temperature  behavior. 

A  suggested  test  of  the  best  fit  equation  was  given  by  Dr.  Leo  F.  Epstein 
of  General  Electric  Coiqpany*. 


rather  than: 


i(AH-AHc)^ 


1/2 


n  “  IT 


(U) 


Z(Ah-AHc)^ 

1/2 

where 

n  -  1 

n 

«  niunber  of  ejqierlmental  points 

Ah 

-  measured  enthalpy  at  T 

A  He 

-  calculated  enthalpy  at  T 

m 

-  number  of  constants  in  enthalpy  equation 

The  latter  equation  is  the  deviation. 


(5) 


The  data  for  synthetic  sapphire  was  analyzed  according  to  the  relation 
suggested  by  Epstein,  The  two  equations  used  in  this  analysis  wex%: 


Ah-  -29.UO  +  2U6.3  X  10"3  T  +  17.00  X  lO"^  T^  (6) 

AH-  127.^  +  291.3  X  10-3  I  +  X  10-^  T^  -  65.28  log  T  (7) 


*  Personal  communication 
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Tho  fom  of  Eq.  7  vas  sugReatod  by  the  most  recent  paper  of  Olnnlngs,  et  al^. 
In  Eq.  6  m  -  3,  Eki.  7  gives  m  -  U.  Using  these  values  in  Eq.  U,  the  result¬ 
ing  residues  are: 


For  Eq.  6, 


Z(Ah-Ah-)^ 


1  1/2 


n  -  m 


»  1.15 


(8) 


For  Eq.  7, 


n 

KAH-  AHc) 


2 


1/2 


n  -  m 


1.91 


(9) 


As  a  result  of  this  test,  it  is  evident  that  there  is  no  iii{)rDvement  in  the 
results  by  using  th**  added  logarithmic  term.  For  this  reason  Eq.  6  has  been 
reported  here. 

Enthalpy  and  derived  specific  Iraat  measurements  as  obtained  by  Eq.  6  and 
an  equation  by  Oinnings,  et  al  (loc.  cit.)  are  con|)ared.  The  NBS  equation  is: 

AH-  I.I4U7978T  -  1.6777  X  10-5t2  -  U6O.915  logio  (T  +  273.16)/273.16 

where  Ah  is  enthalpy  change  wlative  to  Qoc,  in  abs.  joules/gm-mol.,  T  is 
ten^rature,  oq. 

A  con^arison  between  specific  heat  values  as  calculated  from  Eqs.  6  and  7, 
and  the  derivative  of  tlie  NBS  enthalpy  eqiiation  is  given  in  Table  V.  The  NBS 
specific  heat  equation  was: 


Cp  -  11:8.570  -  3U2  x  10-3t  -  20,1:09.6/T 

where  Cp  is  e^qpressed  in  abs.  joules/gm  mol  °K,  T  is  expressed  in  ®K. 

The  agreement  between  the  data  is  good  in  the  ternperature  range  UOO  to 
1700°F.  The  NBS  equation  has  been  extr^olated  beyond  I700OF  altho\:igh  the 
Integral  enthalpy  data  of  NBS  was  done  only  to  1700®F. 

The  accuracy  of  the  results  is  limited  only  by  the  accuracy  of  in-fumace 
saiqple  tenperature  measurement.  The  measurement  of  heat  content  of  the  sanple 
by  the  calorimeter  is  very  precise.  The  temperature  rise  of  tho  calorimeter 
was  always  more  than  3°Pj  the  temperature  level  of  the  calorimeter  cotild  be 
determined  to  0.01°F.  The  magnitude  of  error  from  the  calorimeter  is  probably 


U.  Ginnings,  D.  C.  and  G.  T.  Furukawa.  J.  Am.  Chera.  Soc.  7^,  522  (1953). 
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TABI£  V 


SPECIFIC  HEAT  MTA  FOR  SaiTHETIC  SAPPHIRE 
(Coiq[>ari8Qn  between  ARF  and  KBS) 

Tenqperature, 


OF 

MBS 

ARF* 

ARPa* 

5oo 

0.251* 

0.263 

0.2Ui 

750 

0.272 

0.272 

0.267 

1000 

0.283 

0.280 

0.282 

1250 

0.290 

0.289 

0.292 

i5oo 

0.296 

0.297 

0.301 

1750 

0.300 

0.306 

0.309 

*  ABF  refers  to  derivative  of  Eq.  6 
ARF  refers  to  derivative  of  Eq.  7 
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no  more  than  1^.  This  conclusion  Is  difficult  to  check  experimentally  because 
It  was  not  possible  to  maintain  furnace  ten9>eratures  constant  to  less  than 
Furnace  tenperature  variation  was  caused  by  fluctuatlcm  In  voltage  Input  to 
the  furnace  transformers,  or  variation  In  contact  resistance  between  the 
globar  resistance  heater  and  the  electrode  elements  at  the  top  and  bottom  of 
the  globar. 

Measurement  of  in-fumace  sample  ten^erature  was  accomplished  by  two 
platiniun,  platinum  -  10^  -  rhodium  tiiermocouples  Inserted  In  protection  tubes. 
The  pirotectlon  tubes  were  necessaxy  to  prevent  contamination  of  the  thezno- 
couples,  and  also  to  allow  diffusion  of  oxygen  down  the  Interior  of  the  pro¬ 
tection  tube.  The  validity  of  this  msasurement  method  was  checked  in  the 
following  manner.  A  graphite  sanple  was  axially  bored  to  accommodate  an 
insulated  platinum,  platinum  -  10^  -  rhodlvm  themocouple.  The  sanple  was 
placed  In  the  normal  In-fumace  position,  and  the  temperatures  sensed  by  the 
thexmoco\jples  enclosed  in  the  protection  tubes  were  c(»ig>ared  with  the  thermo¬ 
couple  enclosed  In  the  sanple.  The  results  of  this  test  iiuileated  that  the 
tenperature  sensed  by  the  sanple  thermocouples  agreed  with  the  arithmetic 
average  of  the  tenperaturss  sensed  by  protected  thermocouples  to  2^F.  This 
test  also  served  to  check  the  ccxitamlnatlon  of  the  protected  thermocouple: 

One  of  the  protected  thermocotples  used  in  this  test  was  new,  the  other  had 
been  used  extensively  for  the  previous  tests.  Agreement  between  the  new  and 
old  thermocoiples  was  excellent. 

The  accuracy  of  the  derived  specific  heat  data  Is  difficult  to  state;  an 
acceptable  procedure  has  been  to  increase  the  standard  deviation,  and  error 
of  the  Integral  enthalpy  data  by  a  factor  of  two.  On  this  basis,  the  accuracy 
of  the  specific  heat  would  range  from  0.7  to  2.9^. 


Test  Besults 


The  experimental  resxilts  of  the  enthalpy  vs  tenperature  measurements  are 
contained  in  Tables  VI  through  VIII.  Selected  values  of  specific  heat  vs 
temperature  are  contained  in  Tables  IX  through  XI  and  plotted  in  Figures  6 
and  7. 
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TABLE  VI 


ENTHALPY  VALUES  FOR 


0.556  TITANIUM  ALLOY  OF  MOLYBDOIUM* 

Datum  ten^raturet 

80°F 

Temperatuz^, 

A  He,  BTU/lb 

531 

33.0 

720 

1*6.7 

91U 

56.9 

1117 

67.9 

1278 

8U.5 

lli07 

90.1 

1595 

101.0 

1827 

U9.0 

2013 

137.0 

2166 

lUU.O 

2385 

165.0 

2528 

181.0 

2670 

16U.0 

2820 

207.0 

«  E;q)erlm0ntal  data 

Ah-  6.50  ♦  U8.1  •  10"%  ♦  7.79  •  10*V 
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TABLE  Vn 


BMTHAIf  Y  VALUES  FOR 
ATJ  GRAPHTTB* 

Datum  tenqperaturet  80°F 


1 

0 

A  Ho,  BTU/lb 

660 

139 

321 

218 

1015 

285 

1190 

361 

1UU3 

U68 

1611 

530 

1795 

602 

2005 

712 

2207 

805 

2386 

879 

2527 

950 

2691 

1029 

2876 

1131 

«  Ejqperimental  data 

A  H  »  -9U  +  3U9  •  10"%  +  25,9  •  10"%2 
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TABLE  Vni 


ENTHALPY  VALUES  FOR 
SILICONIZED  ATJ  GRAPHITE* 
Oatmit  temperature}  80°F 


Tenqperature, 

660 

821 

1015 

1190 

1UU3 

1611 

1795 

2005 

2207 

2386 

2527 

2691 

2876 

*  Experimental  data 
Ah  •  -iW*  +  3U9 


A  He,  BTU/lb 
103 
151 
235 
31U 
lOli 
U72 
573 
660 
71*9 
81a 
895 
991 
1067 

10-3t  +  25.9  .  io-6t2 
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TABLE  DC 


[ 

SELECTED  VALUES  OF  SPECIFIC  HEAT  FOR 
O.g  PERCaiT  TITAMIIM  ALLCff  OF  MOLiCBDENUM 


Tenperature,  ^ 
800 
1200 
1600 
2000 
2U00 
2800 


Cp,  BTU  Ib-J-  F-^ 
0.060 
0.067 
0.073 
0.079 
0.086 
0.092 


Cp  -  0.0U81  +  0.0156  •  10"^T 
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TABLE  X 


«CT.lgGTED  VALUES  OF  SPECIFIC  HEAT  FOR 
ATJ  GRAPHITE 


Tenperature, 

op 

Specific  Heat 
BTU  lb“l 

800 

0.390 

1200 

O.lOl 

1600 

0.U32 

2000 

0,U53 

2U00 

0.U73 

2800 

0.U9U 

C  -  0.3U9  ♦  0.05l8  •  10"^T 
P 
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TABLE  ZI 


SELECTED  VALUES  OF  SPECIFIC  HEAT  FOR 
SILICONIZED  ATJ  GRAPHITE 


Temperature, 

Op 

Specific  heat; 
BTU  lb“l  F-1 

800 

0.390 

1200 

O.lOl 

1600 

0.1*32 

2000 

O.U53 

2UOO 

0.1*73 

2800 

0.1*91* 

Cp  -  0.3U9  +  0.0516  •  lO-^T 
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Figure  6.  SPECIFIC  HEAT  OF  0.  5*%  TITANIUM  ALLOY  OF  MOLYBDENUM 


.  55 


Sc  qi/TH9  DtJT3BdS 
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IV.  LINEAR  THERMAL  EXPANSION 


Description  of  Equipment 


The  linear  theznal  etxpanslon  was  determined  by  measuring  the  distance 
between  two  recrystallized  aliimina  pins  mounted  in  a  rod  of  material  to  be 
evaluated. 

A  schematic  diagram  of  the  apparatus  is  shown  in  Figure  6.  The  furnace 
Is  heated  by  three  banks  of  globar  elements  at  the  frrait,  middle,  and  rear 
of  the  furnace.  Each  bank  of  globar  elements  may  be  heated  independently  so 
as  to  insure  a  uniform  teitg)erature  along  the  middle  of  the  furnace.  Prelim¬ 
inary  tests  Indicated  that  tiie  variatltm  of  tenqperature  of  the  specimens  along 
their  length  was  within  5^.  The  furnace  teng>eratare  was  measured  by  platinum^ 
platinum  -  10^  -  rhodium  themocouples  located  one  inch  from  either  end  of 
the  sangile  and  the  saiiq}3e  tenperature  was  measured  by  a  thezmocoiqple  located 
in  one  end  of  the  specimen. 

The  specimen  is  mounted  in  a  ceramic  tube  in  the  center  of  the  furnace, 
with  the  ceramic  pins  pointing  upward.  In  this  position  the  line-tqp  is  such 
that  the  pins  may  be  seen  from  outside  the  furnace  and  the  distance  between 
them  measured  directly  with  the  telemicroscope.  During  the  lower  temperature 
portions  of  each  run,  the  pins  are  silhouetted  against  a  lighted  tdilte  back¬ 
ground  behind  the  furnace.  Once  the  Interior  of  the  fUmace  begins  to  get 
cherry  red,  the  lights  are  turned  off  and  the  red  pins  are  easily  seen  against 
the  now  dazic  background.  A  slow  stream  of  helixan  is  maintained  into  the 
ceramic  tube  supporting  the  sample  to  protect  the  sanqple  from  oaddatlon. 

The  telemicroscopes  are  mounted  on  an  Invar  bar  which  has  a  vezy  low 
coefficient  of  thermal  expansion  and  the  displacements  of  the  pins  are  read 
by  means  of  a  micrometer  to  an  accuracy  of  0.0001  inch.  The  conplete  assembly 
is  shock  mounted  to  minimize  vibrations. 


Test  Procedure 


The  procedure  for  operation  of  the  apparatus  is  outlined  below.  The 
outline  is  presented  in  chronological  order. 

1.  Two  holes  are  drilled  10  Inches  apart  through  a  rod  of  the  ^ecimen 
1/2  inch  in  diameter  and  11  inches  long. 

2.  A  thermocotple  is  located  in  a  0.020  inch  hole  at  one  end  of  the 
specimen. 
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Figure  8.  APPARATUS  FOR  MEASURING  LINEAR  THERMAL  EXPANSION 


3*  Two  ceramic  pins  are  mounted  In  the  holes  in  the  specimen  and  project 
out  about  1/8  inch  from  them. 

U.  The  specimen  is  mounted  in  the  ceramic  tube  in  the  furnace  with  the 
pins  pointing  tqp. 

The  end  cap  on  the  furnace  is  then  closed,  and  helium  gas  is  fed  to 
the  ceramic  tube  siqpportlng  the  sample. 

6.  Heat  is  supplied  to  the  furnace  and  ten^erature  and  pin  displacement 
measuronaits  are  made  at  regular  tine  Intervals.  The  rate  of  heating  nay  be 
varied  from  0  to  100^  per  hour  and  still  give  consistent  test  results. 


Expexlmental  Accuracy 


The  measurement  of  Utermal  expansion  is  an  absolute  measurement  and 
hence  all  errors  are  inherent  in  the  apparatus  and  observer,  such  as  incorrect 
tenperature  measurements  or  variations  in  the  optical  system.  These  sources 
of  error  are  considered  to  be  relatively  small  (less  than  }$)  and  of  a  random 
nature. 


Test  Results 


The  thermal  esqpansion  was  measured  from  70^F  to  3000^F.  Ike  linear 
thermal  expansion  and  mean  coefficients  of  expansion  from  70°F  to  various 
temperatures  are  given  in  Tables  XII,  XIII  and  XIV  and  are  shown  graphically 
in  Figures  9  through  13. 
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TABUB  m 


UMEAR  TffiSRMAL  BCPANSION  OF  TITANIUM  ALLOT  OF  MOUBEBTOM 


Mean  Coeff 
Win  ' 

70 

0.0 

70  -  100 

2.01tO 

70  -  200 

0.036 

2.065 

70  -  300 

0.060 

2.090 

70  -  UOO 

0.095 

2.920 

70  -  500 

0.127 

2.9li0 

70-600 

0.150 

2.970 

70  -  700 

0.109 

3.000 

70  -  000 

o.a9 

3.025 

70  -  900 

0.253 

3.050 

70  -  1000 

0.206 

3.000 

70  -  1100 

0.310 

3.115 

70  -  1200 

0.353 

3.135 

70  -  1300 

0.380 

3.165 

70  -  lliOO 

0.U27 

3.200 

70  -  1500 

0.U63 

3.230 

70  -  1600 

0.500 

3.260 

70  -  1700 

0.529 

3.290 

70  -  1000 

0.577 

3.325 

70  -  1900 

0.610 

3.355 

70  -  2000 

0.650 

3.390 

70  -  2100 

0.678 

3.1*25 

70  -  2200 

0.737 

3.U60 

70  -  2300 

0.703 

3.U95 

70  -  2U00 

0.825 

3.535 

70  -  2500 

0.869 

3.570 

70  -  2600 

0.913 

3.615 

70  -  2700 

0.958 

3.655 

70  -  2000 

1.005 

3.695 

70  -  2900 

1.056 

3.720 

70  -  3000 

1.110 

3.780 

^Experimental  Data 

10^ 
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TABLE  Xin 


LINEAR  THERMAL  EXPANSION  OF  SILICONIZED  ATJ  QRAPHTTE 


(Sait^e  No.  1) 


Teitg>erature 


AL  m  „  Mean  Coeff •  x  10^ 

L  *  ^  in/in  ^  ** 


70 

0.0 

70  -  100 

1.775 

70  -  200 

0.027 

1.790 

70  -  300 

0.0U5 

1.800 

70  -  UOO 

0.05U 

1.815 

70  -  500 

0.08U 

1.825 

70-600 

0.098 

1.8U5 

70  -  700 

o.n7 

1.865 

70  -  800 

0.13U 

1.880 

70  -  900 

0.153 

1.900 

70  -  1000 

0.175 

1.925 

70  -  UOO 

0.201 

1.9U5 

70  -  1200 

0.223 

1.970 

70  -  1300 

0.2l»7 

1.995 

70  -  lUoo 

0.269 

2.020 

70  -  1500 

0.292 

2.0b5 

70  -  1600 

0.318 

2.075 

70  -  1700 

0.3li3 

2.100 

70  -  1800 

0.368 

2.125 

70  -  1900 

0.395 

2.150 

70  -  2000 

0.U20 

2.175 

70  -  2100 

0.UU8 

2.200 

70  -  2200 

O.U75 

2,225 

70  -  2300 

0.502 

2.250 

70  -  2U00 

0.530 

2.279 

70  -  2500 

0.56U 

2.298 

70  -  2600 

0.588 

2.320 

70  -  2700 

0.618 

2.3U5 

70  -  2800 

0.6U8 

2.370 

70  -  2900 

0.678 

2.390 

70  -  3000 

0.710 

2.m5 

*  Biqperiinental  Data 

**  Data  shows  some  scatter  from  70°F  to  1000°F 
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TABLE  nV 

LINEAR  THERMAL  EXPANSION  OF  SIUCONIZED  ATJ  GRAPHITE 

Ten^erature 

(Saiqple  No*  2) 

Mean  Coeff.  x  10^ 
in/ln  °F  ** 

70 

0.0 

70  -  100 

0.01 

70  -  200 

0.007 

0.15 

70  -  300 

0.010 

0.39 

70  -  UOO 

0.020 

0.63 

70  -  500 

0.036 

0.83 

70  -  600 

0.05U 

1.02 

70  -  700 

0.079 

1.21 

70  -  800 

0.103 

1.38 

70  -  900 

0.129 

1.52 

70  -  1000 

0.153 

1.61* 

70  -  1100 

0.179 

1.73 

• 

70  -  1200 

0.207 

1.81 

70  -  1300 

0.232 

1.88 

70  -  ll»00 

0.258 

1.9U 

70  -  1500 

0.285 

1.99 

70  -  1600 

0.312 

2.0U 

70  -  1700 

0.3ho 

2.07 

70  -  1800 

0.367 

2.11 

70  -  1900 

0.395 

2.15 

70  -  2000 

0.1i22 

2.18 

70  -  2100 

0.U50 

2.21 

70  -  2200 

0.ii79 

2.2U 

70  -  2300 

0.507 

2.26 

70  -  2ltOO 

0.535 

2.26 

70  -  2500 

0.562 

2.30 

70  -  2600 

0.592 

2.32 

70  -  2700 

0.621 

2.35 

70  -  2800 

O.6U9 

2.37 

*  Eiqperlinental  Data 

Data  shows  some  scatter  from  70°F  to  1000°F 

• 
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Figure  9.  LINEAR  THERMAL  EXPANSION  OF  0.5%  TITANIUM  ALLOY  OF  MOLYBDENUM 


WADC  TR  59-744,  Volume  IV 


37 


Figure  10.  LINEAR  THERMAL  EXPANSION  OF  SIUCX)NIZED  ATJ  GRAPHITE 
Sample  1 
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Figure  12.  MEAN  COEFFICIENT  OF  LINEAR  THERMAL  EXPANSION  (ABOVE  70"  F) 
OF  0.5%  TITANIUM  ALLOY  OF  MOLYBDENUM 
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V.  THERMAL  EMISSIVITY 


By 


Itenxy  R.  Blau,  Jr.,  Eleanor  Chaffee, 
John  R.  Jasperee  and  William  S.  Martin 
Arthur  D.  Little,  Ino. 
Cambridge,  Maseachueette 


A.  DESCRIPTICIf  OF  EQUIFMBiT 


!•  Theoiy 

The  total  power  W  radiated  per  unit  surface  area  by  a  material  at  tenpera- 
ture  T  le 


W  -T(T)aT^  -?(T)Wj,  (10) 

where  e  (T)  Is  the  tot^  hemispherical  emlsslvlty,  cr  the  Stephan-Boltsmann 
cmstrat,  and  W^)  ■  c  T^  la  the  total  power  radiated  by  a  perfect  radiator  or 
black  bo^  at  tra^ierature  T. 

From  Equation  10  It  Is  apparent  that  q:uantltatlve  aiqpresslon  of  the  power 
radiated  by  leading  edge  materials  hinges  on  accurate  knoia.edge  of  total  hemis¬ 
pherical  emlttance  in  the  teiqperature  range  of  interest. 

Practical  difficulties  are  encountered  If  one  attempts  to  measure  total 
hemlspterlcal  emlttance  directly.  Thera  difficulties  are  arolded  If  a  related 
parara^r  the  total  angular  emlttance  i  9(T)  defined  according  to  Bq[uatlon  11 
Is  detexmlned. 


5e(T)  -  a-  (U) 


In  Equation  11  the  subscript  9  refers  to  radiation  emitted  at  a  single  angle  6 
from  the  normal  to  the  surface.  The  surface  of  most  materials  of  Interest  In 
leading  edge  applications  Is  "optically"  rough.  It  has  bera  observed  that  such 
materials  are  cosine  emitters,  that  Is,  i  g  Is  constant  for  all  an^es  of  emis¬ 
sion.  Significant  departures  from  cosine  emission  have  been  observed  for  opti¬ 
cally  polished  metals  and  dielectrics.  For  this  reason  It  was  decided  to  carxy 
out  measurement  of  e  g(T)  at  the  an^es  of  emission  of  0,  QP,  30^,  and  60°, 
from  the  outward  drawn  normal  to  the  material  surface.  If,  as  e3q>ected,  the 
values  of  e  9(T)  are  found  to  be  equal  at  all  four  angles.  It  may  be  assumed 
that  the  material  Is  a  cosine  emitter.  If  cosine  emission  Is  not  observed,  the 
total  hemispherical  emlttance  must  be  detexmlned  by  numerical  integration  from 
angular  values. 


— Ul— 
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Tho  thermal  emittance  ?e(T)  can  be  detezmlned  directly  by  C(»paring  Wg, 
the  radiation  emitted  by  the  sanqple  at  angle  0,  with  Wb0»  the  radiation  emitted 
by  a  black  body  at  the  aame  temperature  and  at  the  same  angle.  Because  of  its 
sliiq;>llclty  this  approach  is  ordinarily  utilised  at  moderate  temperatures. 

At  high  tenpezatures  in  excess  of  about  1300F  direct  measurement  offgCT) 
is  no  l<mger  possible  because  of  the  unavailability  of  suitable  black-body 
reference  standards.  At  these  high  ten^eratures  ?e(l^)  is  calculated  frc»n  black- 

body  relation  (W^  ■  cos  O)  and  from  esqperimental  values  of  T  and  Wg.  The 

high  teiiQ>erature  method  has  been  used  throughout  this  program.  The  accuracy  of 
the  method  hinges  on  the  requirement  for  absolute  measurement  of  sajg^le  toi^era- 
ture  and  absolute  measuzement  of  Wg,  the  total  power  radiated  by  the  sanple  per 
unit  surface  area,  per  unit  solid  angle  at  angle  6. 

Above  about  1300F  accurate  stirface  temperatures  can  be  deteznlned  with  an 
optical  pyrometer  if  the  saiqple  emittance  at  0.6^  microns  is  known  or  if  black- 
body  conditions  can  be  provided.  Since  accurate  values  of  spectral  emittance 
at  0.65  micros,  the  wavelength  of  operation  of  the  pyrometer,  aro  available 
for  only  a  few  materials,  tenperatures  were  measured  by  sighting  on  a  small 
black-body  cavity  dzilled  in  the  sanple  surface. 

Absolute  measurement  of  Wg  was  achieved  by  careful  calibration  of  the 
radiation  sensor  against  a  proclslon  black-body  reference  standard.  Since  the 
emissive  properties  of  the  black-body  standard  are  known,  it  was  possible  to 
directly  relate  detector  response  to  incident  power.  Using  this  relation  the 
signal  produced  by  radiation  from  a  sanple  material  at  a  paziioular  tenperature 
T  could  be  expressed  as  power  per  xmlt  area  per  unit  solid  angle  and  total 
angular  emittance  eg(T)  calculated  from  Equation  (11).  A  detailed  discussion 
of  the  accuracy  of  measurement  of  T,  Wg,  andigCT)  will  be  given  in  Section  C. 

2.  Apparatxis 

The  essential  features  of  the  epparatus  used  for  total  emittance  measure¬ 
ments  are: 

a.  A  source  unit  in  which  the  sample  is  heated  to  the  desired  high 
tenperaiure  in  a  controlled  atmosphero, 

b.  external  optics  \ised  to  collect  radiation  emitted  by  the  hot  sanple, 

c.  a  radiation  sensing  system  used  to  measure  the  intensity  of  omitted 
radiation, 

d.  a  black-body  standard  for  absolute  calibration,  and 

e.  a  micro-optical  pyrometer  for  sanple  temperature  measurement. 

Figure  lU  is  a  schematic  diagram  of  the  apparatus  showing  these  conponents. 
Radiation  emitted  by  the  hot  sanple  is  focused  on  the  10  cycle  chopper  B  by 
plane  mirror  and  spherical  mirror  M2.  The  chopped  radiation  in  txizn  is 
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Figure  14.  A  SCHEMATIC  DIAGRAM  OF  THE  EMISSIVITY  APPARATUS 


focused  on  the  entrance  slit  of  a  Perkin-Elmcr  monochromator  by  mirror  combina¬ 
tion  M3  and  M[j.  Radiation  transmitted  by  the  entrance  slit  of  the  monochromator 
is  brought  to  a  focus  on  the  thermocouple  detector  by  the  monochromator  optics, 
(since  total  rather  than  spectral  radiation  was  to  be  measured,  the  prism  ordi¬ 
narily  used  to  disperse  the  incoming  radiation  was  removed  and  replaced  by  a 
plane  mirror).  Finally  the  alternating  signal  generated  by  the  thermocouple  is 
amplified,  synchronously  rectified,  and  displayed  on  a  strip  chart  recorder  In 
the  usual  manner. 

(1)  Source  Unit 

The  source  unit  consists  of  an  induction  furnace* **  and  an  evacuable 
chamber  and  gas  handling  system  that  permits  heating  the  san^le  in  any  desired 
atmo^here.  Details  of  the  sou'>'ce  unit  are  shown  in  Figure  15. 

The  induction  furnace  consists  of  a  primary  RF  coil  surrounding 
a  pyrex  cy’’  'nder  that  in  turn  surrounds  a  water-cooled  concentrator.  The  con¬ 
centrator  i  a  thin  cylindrical  shell  open  on  one  end.  The  other  end  is  closed 
except  1  r  a  circular  opening  at  the  center  that  is  slightly  larger  in  diameter 
than  the  sample.  A  narrow  slot  in  the  concentrator  shell  runs  from  the  edge  of 
the  circular  opening  across  the  top  plate  and  down  the  side  wall. 

The  sarple*»,  a  disk  3/8”  in  diameter  and  3/l6"  in  thickness  is 
mounted  coaxially  with  the  concentrator  and  supported  by  a  zirconla  rod.  The 
upper  surface  of  the  sample  is  maintained  slightly  below  the  outer  surface  of 
the  concentrator.  The  pyrex  cylinder  surrounding  the  concentrator  is  sealed 
below  to  a  base  plate  and  above  to  a  braes  herd  cylinder  with  neoprene  "0"  rings. 
NaCl  windows  are  located  in  the  curved  surface  of  the  hemicylinder  directly 
above  the  sarple  (0°),  and  at  angles  of  30°,  and  6o°  from  the  normal  to 
the  sample. 


The  hemicylinder  is  so  arranged  that  it  can  be  rotated  about  an 
axis  passing  through  the  center  of  the  sai^le  in  the  plane  of  the  sarnie  surface. 
Since  the  optics  used  to  focus  emitted  radiation  on  the  sample  (Figure  lU)  are 
fixed  in  position,  this  arrangement  permits  accurate  measurement  of  the  depend¬ 
ence  of  emittance  on  angle  at  the  four  angles  0°,  30°,  U5°,  and  60°  from  the 
normal. 


(2)  Radiation  Sensing  System 

A  modified  Perkin-ELmer  Model  12  spectrograph  was  used  to  measure 
the  radiant  intensity  emitted  by  sample  materieds.  As  mentioned  previously, 
the  prism  was  removed  from  the  instrument  and  replaced  by  a  plane,  front  sur¬ 
faced  mirror.  The  plane  mirror  was  oriented  so  that  the  entrance  slit  was 
imaged  on  the  exit  slit  and  total  radiation  reached  the  detector.  In  essence 
the  modified  spectrograph  served  as  a  variable  aperture  (entrance  slit)  followed 
by  an  optical  system  that  focused  radiation  transmitted  by  the  entrance  slit  on 
a  high  quality,  evacuated  Perkin-ELmer  thermocouple  detector. 


*The  induction  furnace  was  a  modified  Sylvania  7  kva  Induction  light  Soiirce  RS-1. 

**Appendix  I,  Figvire 
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TO  MONOCHROMATOR 


Figure  15.  A  SCHEMATIC  DIAGRAM  SHOWING  DETAILS  OF  THE  SOURCE  UNIT 
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Hie  vertical  height  of  the  entrance  silt  was  reduced  by  field 
stops  to  a  height  of  approximately  1  m.  The  area  of  the  sUt-aperture  was 
varied  in  a  known  manner  by  means  of  the  silt  micrometer  in  such  a  way  as  to 
maintain  a  reasonable  flux  level  at  the  detector  over  the  ten^erature  range  of 
Interest.  The  surface  area  of  the  sample  viewed  by  the  detector  was  approxi¬ 
mately  1  mm  X  0.5  inn  at  normal  emission. 

The  an^llfler  used  with  the  spectrometer  Is  so  designed  that 
known,  low-level,  test  signals  can  be  introduced  across  the  detector.  The  test 
signals  were  used  to  determine  the  linearity  of  the  as^Ufier-recorder  system 
over  the  gain  range  of  Interest.  In  addition  the  test  signals  were  used  several 
times  in  the  course  of  a  run  to  check  the  response  of  the  electronic  netwoxic. 
Since  the  electronic  netwoxic  is  the  chief  source  of  instability  in  the  measur¬ 
ing  system,  this  procedure  avoided  systematic  errors  due  to  changes  in  tube 
characteristics,  line  voltages,  and  the  like.  When  electronic  instabilities 
were  taken  into  account.  It  was  found  that  an  accurate  absolute  calibration 
could  be  maintained  for  several  weeks  or  more  providing  that  the  optical  align¬ 
ment  was  not  modified. 

(3)  Temperature  Measuring  Instruments 

Above  1300F  the  san^le  temperature  was  measured  with  a  disappear¬ 
ing  filament  type,  micro-optical  pyrometer  sitting  through  the  Nad  window  on 
a  small  black-body  cavity  drilled  in  the  san^le  surface.  Precautions  were  taken 
(Secoion  C)  to  obtain  near  black-body  conditions  in  the  cavity  and  to  take  into 
account  attenuation  of  sanqile  radiation  reaching  the  pyrometer  produced  by  the 
Nad  window  and  other  optical  elements*  The  Nad  windows  used  were  6  mm  thick 
and  carefully  polished.  They  transmit  radiation  in  the  wavelength  range  of  0.2 
to  15  microns. 


Below  1300F  attenqpts  were  made  to  measure  sample  tenperatures 
with  a  fine,  5  inll  platinum-platinum,  10^  rhodium  thermocoiple  imbedded  in  the 
sanple.  The  5  aiil  was  used  to  minimize  the  conductive  heat  leak  along 
the  thermocouple  wires  and  the  Junction  was  imbedded  as  deeply  as  possible  in 
the  sample. 


Although  considerable  efforts  were  devoted  to  the  thermocouple 
measurements,  in  no  case  were  really  satisfactory  results  obtained.  At  elevated 
tenperatures  both  thermocovple  and  pyrometer  tenperatures  were  recorded  so  that 
the  two  measuring  techniques  could  be  conpared,  thermocouple  tenperatures  were 
foxmd  to  be  lower  than  pyrometer  tenperatures;  the  difference  in  the  two  tenpez^ 
atures  increased  as  the  sample  tenperature  decreeised.  The  tenperature  differ¬ 
ence  between  the  two  measuring  techniques  ranged  from  lOOF  to  no  more  than  200F. 

The  tenperature  differences  are  attributed  to  the  heat  leak 
afforded  by  the  thermocouple  wires.  The  observed  tenperature  differences  sup¬ 
port  this  view.  At  hi^  tenperatures  radiation  losses  are  more  important  than 
conductive  losses,  and  the  tenperature  difference  is  small.  At  lower  tenpera¬ 
tures  the  conductive  loss  becomes  increasingly  important  and  the  tenperature 
differences  increase.  Because  of  this  situation,  it  was  not  possible  to  deter¬ 
mine  accurate  tenperatures  and,  hence,  emittances  in  the  500F-1000F  range. 
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(U)  Black-body  Standards 

A  Bamos  ns-3A  high  temperature  black-body  standard  (€  ■  .99  -IjK* 
At  ^6*^?)  was  used  for  calibration  purposes  up  to  HOOF  and  slUccmlzed  graphite 
at  higher  temperatures.  During  calibration  the  Induction  furnace  was  removed 
and  ivplaced  by  the  black-body  standard.  Caro  was  taken  to  ensure  that  the 
black-body  aperture  was  precisely  located  at  the  sample  position.  However, 
since  the  diameter  of  the  black-body  aperture  was  substantially  laz*ger  than  the 
diameter  of  the  area  on  the  surface  viewed  by  the  detector,  the  calibration  con¬ 
stant  was  found  to  be  relatively  insensitive  to  the  locatlcm  of  the  black-body 
aperture. 


B.  TEST  PBOCEDURE 
1.  Absolute  Plux  Measurement 

The  voltage  response  V  of  the  system  to  a  source  of  total  emissive  power 
Wg  for  a  given  angle  9  is 


V  -  (Wg  -  Wq)  [kftrajs 


(12) 


where  is  the  total  emissive  power  of  the  chopper  blade,  k  is  the  sensitivity 
of  the  detector  (volts/watt),  OL  is  the  solid  angle  viewed  by  the  detector,  T^ 
is  the  effective  transmissivity  of  the  optical  system,  H  is  the  c^tical  hei^t 
of  the  entrance  slit,  and  S  is  the  optical  width  of  the  same  slit.  The  product 
in  square  brackets  is  a  constant  for  the  system  and  may  be  replaced  by 


c-1  -  [kilra]  (13) 

idiere  C  is  the  calibration  constant. 

For  source  ten^jerature  above  about  lOOOF,  Wg>>  W^,  and  the  term  may 
be  neglected.  Equation  0-2)  then  becomes 


V  -  WgC-ls 


(lU) 


The  calibration  constant  C  can  be  determined  experimentally  by  observing  the 
system  re^onse  to  a  source  of  known  intensity  such  as  a  black-body  standard 
according  to 


-  ^ 

Vb 


(15) 


where  is  the  voltage  response  produced  by  the  black-body  flux 
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The  "optical"  slit  vldth  S  differs  from  the  physical  silt  width  as  read 
on  the  silt  nloxxxneter*  The  difference  results  from  diffraction  at  the  silt 
and  must  be  taken  Into  account.  Uffractlon  at  the  aperture  deflects  radiation 
from  the  collimated  beam  and  hence  reduces  the  flux  reaching  the  detector.  For 
a  glvmi  silt  width  the  degree  of  diffraction  depends  on  the  wavelength  of  the 
Incident  radiation.  VThen  the  wavelength  Is  such  that  X  2  S,  diffraction  will 
be  quite  lRg>ortant.  On  the  other  hand,  \dien  X<<  S,  diffraction  will  be 
negHglUe. 

At  low  tenqperatures  the  radiation  emitted  by  a  black-body  Is  low  in  inten¬ 
sity  and  Is  concentrated  at  long  wavelengths.  As  the  black-body  teiqperature 
increases,  the  emitted  intensity  increases  and  proportionally  more  radiation  Is 
emitted  at  short  wavelengths.  Consequently,  a  slit  that  Is  sufficiently  narrow 
to  completely  attenuate  radiation  from  a  cool  source  will  transmit  a  fraction 
of  the  radiation  from  a  hot  source.  In  other  words,  the  effective  slit  width 
required  for  zero  transmission  Is  smaller  the  greater  the  source  teiig)eratu]re. 

The  optical  slit  width  S  (Equation  13)  can  be  written 

S  -  Sm  -  So(T)  (16) 

where  Is  the  effective  slit  closure.  With  this  notation  Equations  (12)  and  (1^) 
became  respectively 


VeC-i(Sn  -  So(T)  ) 

(17) 

Wb0(S„  -  So(T)  ) 

Vv 

(18) 

Values  of  So(T)  were  determined  from  the  intercepts  of  plots  of  the  instrument 
voltage  response  R  vs  for  various  constant  source  teiiq>erature8.  The  black- 
body  standard  served  as  source  at  tenperatures  below  HOOF.  Higher  tenqperature 
data  were  obtained  by  using  a  siliconized  graphite  sample  heated  in  the  induc¬ 
tion  furnace.  This  course  was  adopted  because  of  the  near  gray-body  emission 
characteristics  of  this  material.  Figures  l6  and  17  are  gr^hs  of  R  vs  %  for 
a  number  of  source  temperatures,  while  Figure  l8  is  a  graph  of  So(T)  vs  T.  The 
values  of  So(T)  were  obtained  from  the  Intercepts  in  Figures  16  and  17. 

Once  having  determined  values  of  So(T)  for  the  tangierature  range  of 
interest,  the  calibration  constant  was  determined  by  using  Equation  0-3)  and 
experimental  values  of  R),,  S^,  and  So(T).  Figure  19  Is  a  gr{q)h  of  calibration 
constant  C  vs  T  so  obtained.  The  calibration  constant  obtained  frtmi  Figure  19 
was  used  at  ten^eratures  from  1100-3000F  with  the  So(T)  values  determined  with 
siliconized  graphite  in  the  same  ten^>erature  range.  With  the  calibrati<ni  con¬ 
stant  and  slit  Ibnctlon,  total  emittances  were  determined  according  to  Equations 
(11)  and  (17). 


-U8- 


WADC  TR  59-7Ui,  Volume  IV 


RESPONSE  (MICROVOLTS) 


SLIT  WIDTH  (MICRONS) 

Figure  16.  GRAY  BODY  VOLTAGE  RESPONSE  VS  SUT  WIDTH 
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RESPONSE  (MICROVOLTS) 
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Figvire  17.  STANDARD  BLACKBODY  VOLTAGE  RESPONSE  VS  SLIT  WIDTH 
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EFFECTIVE  SLIT  ZERO  WIDTH 


So  VS  TEMPERATURE 


140 


601 


1000  1500  2000  2500 

TEMPERATURE  (•F) 


Figure  18,  EFFECTIVE  SLIT  ZERO  WIDTH  VS  TEMPERATURE 
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Figure  19.  BLACKBODY  CAUBRATION  OF  SYSTEM 
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2 •  Test  Measurements 


The  test  procedure  adopted  for  this  program  was  designed  to  provide  quan¬ 
titative  infonnation  about  the  total  emlttance  propezd^ies  of  leading  edge 
materials  at  temperatures  up  to  3000F.  Ihe  effects  of  oxidation  on  these 
properties  were  studied  for  certain  materials.  The  formal  test  procedure  nay 
be  summarized  as  follows: 

a.  The  total  nonnal  emlttance  of  all  specimens  was  measured  at  selected 
ten^eratures  in  the  range  1300-3000F  for  two  conplote  cycles  of  heating  and 
cooling  frcHii  70F  to  3000F.  The  specimen  materials  were  heated  in  an  atmosphere 
consisting  of  90f>  argcm  and  10^  hydrogen  at  a  pressure  of  78  cm  of  Hg.  The 
argon-hydrogen  mixture  was  used  in  place  of  pure  argon  to  prevent  reaction  with 
traces  of  residual  oxygen  at  the  high  teiqperatures. 

b.  Total  angular  emlttance  was  then  measured  for  the  same  ^ecimen  at  the 
two  temperatures,  l^OOF  and  2^CX)F,  at  30°,  U$°,  and  from  the  outward  drawn 
normal.  These  measurements  were  carried  out  in  the  argon-hydrogen  atmosphere. 

c.  The  coated  specimens,  Durak  Ml  and  W-2,  and  the  siliconized  AIJ 
graphite  were  heated  to  2000F  in  air  and  maintained  at  that  temperature  for  one 
hour.  Following  this  treatment,  steps  a  and  b  were  repeated.  During  the  course 
of  each  run,  the  speclmmfi  temperature  was  recorded  at  ^  to  10  ndnuts  Intervals 
80  that  slight  teinperatura  changes  of  the  order  of  $-10°F  could  be  taken  into 
accotmt. 

d.  The  test  pxxKsedure  outlined  in  paragraj^  a,  b,  and  e  was  used  with 
(me  ^eclmen  of  the  molybdenum  alloy,  one  ^ecimen  of  ATJ  graphite,  one  specimen 
of  ellloonized  graphite,  one  specinisn  of  Durak  Ml  -  coated  molybdenum,  and  one 
^ecimen  of  W-2  coated  molybdenum,  as  received,  and  two  preoxldized  specimens. 
The  angular  emlttance  data  for  angles  other  than  the  normal  were  recorded  for 

a  second  specimen  of  each  material. 


G.  £}CP£R1MMTAL  AGGDRiCI 

The  chief  souroes  of  error  in  the  emlttance  measurements  are  errors  in 
tenperature  measurement,  errors  in  total  emlttance  measurement  and  calibration 
errors.  Best  estimates  of  these  errors  indicate  that  the  reported  data 
(Section  D}are  accurate  to  tS%, 

1.  Tenperature  Errors 

Two  types  of  errors  in  tenperaturc  measurement  were  considered:  the  first 
of  these  was  erz^^r  resulting  from  inexact  calibration  of  the  pyrometer;  the 
second  was  error  z^sulting  from  non-blackness  of  the  cavity  in  the  sanple  and 
attenuation  by  the  Nad  window. 

a.  Calibration  Error 

Calibration  errors  were  mlnijid.zed  by  frequently  recalibrating  the 
pyrometer  against  a  standard  tungsten  filament  laiip.  The  tungsten  lanp  used 
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had  boon  prertoaalj  calibrated  against  an  NBS  black-body  standard.  In  view  of 
the  excellent  reproduelblllty  of  the  pyrometer  calibration  errors  here  are 
believed  to  be  less  than  t20F  over  the  entire  range. 

b.  Black-body  Cavity 

The  depth  to  diameter  ratio  of  the  cavity  drilled  in  the  specimen  was 
i^proocimately  3x1.  If  it  is  assumed  that  the  ^ctral  emlttance  of  the  specimen 
at  0.65  microns  (the  wavelength  of  operation  of  the  pyrometer)  Is^O.U}  the 
emissivity  of  the  black-body  cavity  will  be  at  least  0.92.  Tenperature  errors 
resulting  from  such  non-blackness  will  not  exceed  lOF  at  3000F  of  2F  at  1500F. 

o.  Attenuation  by  the  NaCl  Window 

The  NaCl  window  and  other  opticsil  elements  used  to  direct  radiation 
from  the  specimen  to  the  pyrometer  slightly  reduce  the  intensity  of  radiation 
received  by  the  pyrometer.  Errors  due  to  such  attenuation  of  the  order  of 
8-10^  were  avoided  by  measuring  the  brightness  tenperature  of  a  stjrlp  filamsnt 
tungsten  lamp  first  by  sighting  directly  on  the  lamp  and  second  by  sitting 
on  the  lamp  through  the  NaCl  window  and  associated  optical  elements*  The  temp¬ 
erature  correction  factor  obtained  in  this  manner  was  in  excellent  agreement 
with  theory.  The  correction  factor  was  spplled  to  all  temperatures  measured 
with  the  pyrometer.  The.  NaCl  windows  were  repolished  daily  to  avoid  errors  due 
to  sll^t  fogging.  The  tenperature  correction  for  the  NaCl  windows  was  measured 
at  frequent  intervals  and  was  found  to  be  constant. 

2*  Errors  in  Total  Emissive  Power 


Errors  in  total  emissive  power  measurement  arise  from  errors  in  determin¬ 
ing  the  slit  flinctlon  (Equation  16}  and  errors  in  measuring  chart  deflections 
or  thermocouple  voltages.  Both  sources  of  error  are  associated  with  the  noise 
level  and  over-all  stability  of  the  system.  Based  on  reproducibility  consider- 
atlois,  the  over-all  error  in  total  emlttance  measurement  is  believed  tol^e 
less  than  ^1$. 

3.  Calibration  Errors 


Calibration  errors  arise  from  non-blackness  of  the  high  temperature  black- 
body  standard,  tenperature  lluct\iatl(xis  of  the  standard,  and  the  errors  in 
detennining  the  slit  function  and  thermocouple  voltages  cited  in  (2)  above. 

The  black-body  standard  is  reported  to  be  accurate  to  1%  so  that  calibration 
errors  should  not  exceed  i2^. 


D.  TEST  BESULTS 

The  emlttance  properties  of  five  potential  leading  edge  materials  were 
detexnlned.  Three  of  the  materials  were  coated  —  Durak  Ml  on  Mo-Tl  alloy, 
Chromalloy  W-2  on  Mo-Tl  alloy,  and  siliconized  ATJ  graphite.  Two  of  the 
materials,  ATJ  graphite  and  the  Mo-Tl  alloy  (Mo  Tl),  were  uncoated. 

The  effects  of  oxidation  were  studied  only  for  the  coated  materials.  The 
test  procedure  followed  was  that  outlined  in  Section  B. 
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The  total  normal  omittance  of  the  Ifo-Tl  alloy  Is  ^oim  in  Flgtire  20  and 
the  total  angular  emlttance  at  30^»  and  6o9  from  the  normal  at  1$00F  and 
2^00F  in  Figure  21.  The  specimens  studied  were  smooth  and  flat  and  exhibited 
metallio  reflection  both  before  and  after  heating.  There  was  no  ervidence  of 
oocldatlon. 

The  omittance  of  the  Ho-Tl  alloy  was  appreciably  lower  than  that  observed 
for  any  other  material  studied,  having  an  average  normal  emlttance  of  0.13. 

The  Independence  of  emlttance  aa  angle  of  emisslcm  (Figure  21)  is  attributed 
to  surface  roughness  (32  microinches  xms).  This  behavior  would  not  be  observed 
for  an  optically  policed  specimen. 

2.  ATJ  Graphite 

The  total  normal  emlttance  of  ATJ  gre^hlte  Is  shown  In  Figure  22  and  the 
total  angular  emlttance  at  30°,  and  60°  from  the  normal  at  lliOOF  and  2^00F 
in  Figure  23.  The  specimens  studied  were  smooth  and  flat  both  before  and  after 
heating. 

The  ATJ  graphite  was  the  blackest  material  studied,  having  an  average 
normal  emlttance  of  0.875  that  was  found  to  be  very  nearly  independent  of  tem¬ 
perature.  No  significant  variation  of  total  emlttance  with  angle  was  observed 
indicating  that  the  specimens  were  cosine  emitters. 

3*  Siliconized  ATJ  Graphite 

The  siliconized  graphite  specimens  studied  were  flat  but  with  a  rou^- 
textured  stirfaoe.  Total  normal  emlttance  data  are  shown  in  Figure  2U  and 
angular  emlttance  data  In  Figure  25  for  the  as  received  material. 

The  angular  and  normal  omittances  are  nearly  identical  showing  a  gradual 
Increcuse  from  0.76  at  lUOOF  to  0.8l  at  2lt00F.  With  further  increase  In  ti^er- 
ature  to  2900F,  the  emlttance  decreased  to  0.725* 

Data  for  the  oxidized  specimen  are  shown  in  Figure  26.  The  low  ten^era- 
ture  portion  of  the  curve  (1300-2000F)  Is  similar  in  shape  to  that  for  the  as 
received  specimen  but  about  10^  lower.  Above  2000F  the  emlttance  decreases 
reqplcHy,  falling  to  a  value  of  0.57  at  2950P.  This  behavior  is  attributed  to 
'Uie  presence  of  a  SIO2  surface  layer  formed  during  oxidation.  Above  2000F  the 
SIO2  layer  will  beccmie  fluid  and  reduce  the  effective  surface  roughness  thus 
leading  to  the  observed  decrease  in  emlttance. 

U.  Chromalloy  W-2  on  Mo-Tl  Alloy 

The  W-2  coated  materials  studied  were  flat  and  relatively  smooth.  The 
visual  appearance  of  the  surface  as  received  was  not  uniform  but  was  mottled, 
varying  in  hue  from  green  to  brown  to  gray.  After  heating  the  surface  coloring 
was  nearly  a  uniform  gray.  Some  difficulties  were  experienced  with  the  first 
W-2  specimens  studied.  .  A  leak  developed  In  the  system  and  the  material  at 
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Figure  20.  TOTAL  NCXIMAL  EMITTANCE  OF  MOLYBDENUM  +0.5%  TITANIUM 
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Figure  22.  TOTAL  NORMAL  EMITTANCE  OF  ATJ  GRAPHITE 
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Figure  24.  TOTAL  NORMAL  EMITTANCE  OF  SIUCONIZED  ATJ 
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Figure  25.  TOTAL  ANGULAR  EMITTANCE  OF  SILICONIZED  ATJ  GRAPHITE 
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Figure  26.  TOTAL  NORMAL  EMITTANCE  OF  SILICONIZED  ATJ  GRAPHITE 
(OXIDIZED  ONE  HOUR  IN  AIR  AT  2000"  F) 
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2S00F  vaa  eoqpoaed  to  air.  The  coating  degenerated  badly  first  developing  cracks, 
then  mushroom-shaped  protrusions.  Finally  the  Mo-Tl  base  reacted  with  oxygen 
and  the  sample  was  destroyed. 

After  the  leak  was  repaired,  a  second  specimen  believed  to  be  Identical 
to  the  first  \ias  studied  without  difficulty.  The  total  normal  endttance  data 
for  this  material  are  shown  In  Figure  27  and  the  total  angular  emittance  in 
Figure  26.  Here  again  cosine  emission  Is  observed.  Ihe  emlttanoe  increases 
slowly  from  a  value  of  0.^  at  lOOOF  to  a  maximum  of  0.630  at  2330F  and  then 
decreases  to  0.60  at  2920F. 

Normal  and  angxilar  emlttanoe  data  for  the  preoxldlzed  epeclmens  are  shown 
in  Figures  29  end  30,  respectively.  The  effects  of  oxidation  on  emittance  were 
small  except  at  the  hlgheet  tenqperatures. 

Durak  ND  m  Mo-Tl  Alloy 

The  Durak  MO  coated  specimens  were  smooth  and  flat  and  of  a  uniform  gray 
color  before  and  after  heating  in  the  argcxi-hydrogen  atmo^here  and  after  oxi¬ 
dation.  Total  normal  emittance  and  total  angular  emlttanoe  for  the  as  received 
specimen  are  shown  in  Figures  31  and  32.  The  material  la  a  cosine  emitter  with 
an  average  emittance  of  0.625  that  Is  essentially  Ind^endent  of  teiqperature  up 
to  2500F.  Above  2500F  the  emittance  decreases  rapidly. 

'  Data  for  the  preoxldlzed  specimen  are  shown  in  Figure  33*  Below  2000F  the 
emlttanoe  Is  nearly  constant  and  equal  to  0.60.  Above  2000F  the  emittance 
decreases  rather  rapidly  reaching  a  value  of  0.50  at  2850F. 

Although  Uiere  is  no  definite  Information  on  the  chemical  oonposltion  of 
the  Durak  MQ  coating.  It  Is  reported  to  be  similar  to  the  Chromalloy  W-2  coat¬ 
ing.  The  decrease  in  emittance  at  the  higher  teii;)erature  may  be  due  to  the 
formation  and  grading  of  silica. 


£.  DISCUSSION 

The  total  emittance  properties  of  t^ree  coated  and  two  uncoated  materials 
were  measured  at  ten^eratures  ranging  from  1300F  to  3000F.  The  materials  were 
heated  In  a  90^  argon,  10^  hydrogen  atmosphere  in  order  to  avoid  the  effects  of 
oxidation  during  measurement. 

The  coated  materials  were  studied  both  as  received  from  the  manufacturer 
and  after  oxidation  produced  by  heating  In  air  at  2000F  for  one  hour.  Total 
normal  emittance  and  total  angular  emittance  ali  30°,  U5°,  and  6o°  from  the 
normal  were  measured  for  all  five  materials.  TUs  reported  data  are  believed 
accurate  to 
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Figure  27.  TOTAL  NORMAL  EMITTANCE  OF  W-2 
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Figure  28.  TOTAL  ANGULAR  EMITTANCE  OF  W-2 
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Figure  29.  TOTAL  NORMAL  EMITTANCE  OF  W-2  (PRE -OXIDIZED) 
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Figure  31.  TOTAL  NORMAL  EMITTANCE  OF  DURAK-MG 
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Figure  32.  TOTAL  ANGULAR  EMITTANCE  OF  DURAK-MG 
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Figure  33.  TOTAL  NORMAL  EMITTANCE  OF  DURAK-MG 
(PRE-OXmiZED  ONE  HOUR  IN  AIR  AT  2000°i) 
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APPENDIX  I 


DESCRIPTION  OF  MATERIALS  TESTED 


The  puzpose  of  this  fqppendlx  Is  to  describe  the  types  of  test  specimens 
eiqployed  during  Uxe  evaluations  of  thermal  properties  and  the  materials  from 
idilch  these  specimens  were  fabricated*  nie  fabrication  procedures  enployed 
irez«  similar  to  those  idilch  would  be  used  for  the  production  of  actual  leading 
edge  components* 

The  test  specimens  used  for  the  evaluation  of  thermal  properties  of  selected 
materials  are  shown  in  Figures  3Uj  3$  and  36*  For  the  molybdenum  alloy  the 
test  specimens  used  for  detemdnlng  thermal  conductivity,  theznal  espansim  and 
q>eciflc  heat  were  not  coated*  Sanples  used  for  emlsslvlty  measurements  included 
both  imcoated  and  coated  specimens*  For  the  graphite  material  most  of  the  speci¬ 
mens  wexu  siliconized*  Exceptions  to  this  procedure  included  thermal  emlsslvlty 
and  specific  heat  test  specimens,  for  idilch  both  uncoated  and  coated  specimens 
were  pjroduced* 

The  0*5^  titanium  alloy  of  molybdenum  used  for  this  investigation  was 
recxyetalllzed  for  3$  minutes  at  290OF*  This  treatment  resulted  in  conplete 
reoxystallizatlon  with  a  grain  size  estimated  at  approximately  ASTH  U*  The 
material  used  for  conductivity,  specific  heat  and  emlttance  specimens  was  sup¬ 
plied  by  Ihilversal  Cyclops  Steel  Goipoxation,  Brldgeville,  Pennsylvania,  while 
material  for  the  expansion  specimens  was  supplied  by  General  Electric  Coapany, 
Cleveland,  (Kilo.  The  U-C  material  had  the  following  range  of  alloying  elemental 
carbon  *0221  to  *031^,  titanium  *143  to  *U8^,  other  *06^  maximum  of  which  oocygen, 
nitrogen  and  hydrogen  constituted  a  maximum  of  *005$*  The  chemistry  of  a*B. 
material  was  not  sufpUed  in  detail*  Nominally  this  material  contained  *5^ 
titanium  and  from  *0LO  to  *030^  carbon* 

The  only  molybdenim  alloy  specimens  coated  were  those  used  for  thermal 
emlttance  measurements*  The  W-2  coating  was  applied  by  the  Chronalloy  Corpora¬ 
tion  of  VIhite  Plains,  New  York,  and  the  Durak  MG  coating  was  applied  by  the 
Chromizing  Conpany  of  Los  Angeles,  California*  Both  processes  eziploy  pack 
d^osltlon  techniques  wherein  parts  to  be  coated  are  placed  in  a  powdered  mix¬ 
ture  within  a  retort*  Ihe  retort  Is  then  sealed  and  heated  to  tenperatures  of 
approximately  2000F  for  a  period  of  tiji»*  Upon  heating  the  powder  generates  a 
gas  >Ailch  reacts  with  the  parts  and  results  in  a  thin  alloyed  case  having  sur¬ 
face  finli^  approximately  as  smooth  as  the  original  base  material* 

Prior  to,  processing  the  parts  were  injected  visually  and  were  lightly 
etched  with  nitric  acid*  In  the  case  of  the  W-2  processing,  a  liquid  honing 
operation  was  also  performed*  After  the  cleaning  procedure  the  specimens  were 
again  examined  and  found  to  be  free  of  defects* 

The  Durak  coating  was  applied  in  a  single  processing  run,  that  Is,  the 
full  coating  thickness,  *002  Inch,  was  formed  during  a  single  operation*  In 
the  W-2  process  the  desired  coating  thlcknes^,  .OOU  inch  nominal,  was  applied 
in  a  double  processing  cycle.  After  the  flrs(t  cycle  the  parts  were  unpacked, 
cleaned,  repacked  and  reprocessed*  j 

I 

V 
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\ 
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A11;er  the  process  was  conpleted  the  sanyiles  were  closed  in  still  air  at 
2000F  to  detennine  continid.ty  of  the  coating.  The  exposure  tine  for  the  Dorak 
specimens  was  ten  minutes  idille  that  for  the  W-2  specimens  was  one  hour.  All 
sauries  satisfactorily  completed  this  inspection. 

The  sanqples  coated  with  Dux^  Ml  were  processed  during  December  1959.  One 
of  the  sauries  coated  with  Chromalloy  W~2  was  coated  during  August  1959  xdille 
the  other  was  coated  during  October  15^9* 

Grade  ATJ  gzaphite  is  an  extremely  fine-grain  premium  quality  graphite.  It 
is  molded  in  blocks  9"  x  20"  x  2U".  The  maximum  grain  size  is  approximately 
•006  inch  and  the  ash  content  is  approximately  .2^.  The  stock  used  for  the 
thermal  property  evaluation  specimens  was  taken  from  randomly  selected  material. 
The  quality  of  the  raw  material  was  determined  by  X-ray  inspection  of  the  blocks 
and  bulk  density  determinations.  In  order  to  expedite  delivery  of  these  ^eel- 
mens,  no  further  Inspections  other  than  dimensional  were  conducted  on  these 
specimens  after  machining. 

The  coating  applied  is  essentially  a  dlffuslonal  deposit  of  silicon  carbide- 
silicon  nitride  formed  by  the  reaction  of  silicon  containing  conpounds  with  the 
graphite  surface.  Details  of  the  process  are  proprietary  and  cannot  be  disclosed. 
During  the  siliconizing  operation  the  specimens  were  mounted  on  knife  edges  in 
order  to  present  a  maximum  of  graphite  surface  to  the  silicon  compounds.  Rela¬ 
tively  large  spacing  distances  were  used  between  saiples.  This  procedure  was 
foiuid  to  be  necessaiy  as  a  result  of  the  experience  gained  during  coating  of 
Uie  screening  test  specimenb.  The  quality  of  the  coated  material  was  checked 
by  weight  measurements  which  were  converted  to  weight  gain  per  unit  area.  This 
weight  gain  could  then  be  copared  >rlth  the  standards  established  on  the  basis 
of  previous  experience. 

Thennal  conductivity  specimens  and  thexmal  expansion  specimens  of  two 
orientations  were  fabricated.  One  set  of  specimens  of  each  type  was  machined 
parallel  to  grain  orientation,  while  the  other  set  was  machined  perpendicular 
to  the  grain  orientation.  The  ATJ  grsphits  specimens  perpendicular  to  the  grain 
orientation  weia  necessarily  short  because  the  maximum  dimension  of  the  molded 
block  in  that  plane  is  9  inches.  Since  the  ^ecimens  were  short  they  were  not 
tested.  All  other  specimens  were  machined  from  stock  which  was  parallel  to  the 
grain. 

As  indicated  above,  the  raw  material  used  was  subjected  to  a  rather 
thorough  inspection.  After  machining,  only  dimensional  inspections  were  con¬ 
ducted,  As  a  control  on  the  coating  process  weight  gain  per  unit  area  was 
determined.  Final  infection  of  the  test  specimens  consisted  of  visual  examin¬ 
ation  and  dimensional  measurements.  The  more  elaborate  X-ray  inspecticui  proce¬ 
dure  and  oxidation  proof  test  eitployed  for  the  mechanical  property  test  specimens 
was  not  conducted  on  the  thermal  property  specimens.  These  procedures  were 
eliminated  in  order  to  e:q>edlte  delivery. 

More  con^ilete  details  of  the  processing  are  provided  in  the  sppendixes  of 
Volume  VI.  Weights  of  the  specimens  before  and  after  coating  as  well  as  coating 
run  numbers  are  presented  in  Table  XV. 
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Specific  Heat  Specimen 


Figure  35.  THERMAL  EXPANSION  AND  SPEaFIC  HEAT  SPECIMENS 
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Figure  36.  THERMAL  EMISSIVITY  SPECIMEN 
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TABLE  XV  (continued) 
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Block  size  Ia91n.x201n.x24  1n.  with  preesure  applied  to  the 
20  In.  X  24  In.  (ace. 
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